Each year, more than half a million people in the USA and almost one million worldwide undergo coronary artery bypass grafting (CABG).^[@ref1]^ Many more undergo noncardiac surgery. There is little question that surgery is very effective in reducing angina and in stabilizing ventricular function in most patients.

With advances in surgical techniques and anesthesia, CABG is now being carried out in people with other concomitant diseases, such as hypertension and diabetes; these patients may be at higher risk of complications, as are older patients. Although patients in their 70s and 80s generally tolerate the procedures and have an excellent outcome, the inclusion of patients at higher risk has led to the realization that serious and potentially fatal neurological difficulties are associated with CABG. Furthermore, adverse cerebral outcomes are associated with substantial increases in mortality, length of hospitalization, and use of intermediate or long-term care facilities. The neurobehavioral outcomes range from the well-documented incidence of stroke to postoperative delirium, cognitive impairment, and depression. Neurological and psychological adverse outcomes have also been suggested in noncardiac patients following surgery, but this matter has received far less attention.

This article reviews and discusses recent findings regarding the possible neuropsychiatrie consequences of CABG and noncardiac surgery. Findings regarding rates and predictors of stroke, delirium, and depression will be reviewed, and neurocognitive abnormalities following surgery will be discussed in detail.

Coronary artery bypass surgery
==============================

The procedure of bypassing blocked coronary arteries Involves placing a patient under general anesthesia. In order to perform the bypass operation, is has been traditional procedure to stop the heart. In order to maintain oxygen delivery and perfusion to the body while the heart is stopped, the patient Is connected to a heart-lung machine or cardiopulmonary bypass pump. To keep the patient\'s blood from clotting in the pump circuit, major anticoagulant therapy is instituted. After the pump is removed, the anticoagulation is reversed to prevent bleeding, both from the heart and in the brain. Many of the neuropsychiatrie complications associated with CABG surgery have been ascribed to the pathophysiological effects associated with the use of the bypass pump. In recent years, a technique for performing the surgery without using the bypass pump has been utilized; this is referred to as off-pump CABG, or OPCAB. Early studies are beginning to evaluate the neuropsychiatrie impact of this technique.^[@ref2]^

Stroke
======

Stroke is a well-recognized complication of CABG, being reported in 1% to 5% of patients.^[@ref1],[@ref3]^ Roach et al,^[@ref4]^ In a prospective study, evaluated 2108 patients from 24 Institutions in the United States for focal injury, or stupor/coma at discharge. A total of 3.1% of patients had such neurologic complications. Hypertension, diabetes, and age have been associated with increased risk for stroke following CABG.^[@ref3]^ As discussed in detail by Selnes and colleagues,^[@ref1]^ these risk factors can be assessed before surgery by general physicians, so that the Information can assist Informed decision-making by patients, their families, and their physicians, and necessary modifications in treatment or Intervention can be set up. For example, some patients may be better candidates for continued medical management or percutaneous transluminal coronary angioplasty. For others, modification of the surgical procedure can be consldered, such as changes in the placement of the aortic cannula from the cardiopulmonary pump.^[@ref1]^

Postoperative delirium
======================

Delirium, also known as acute confuslonal state, is typically a transient syndrome characterized by altered consciousness with decreased attention span and changes in cognition or perception not explained by dementia.^[@ref5]^ It evolves over hours to days, and waxes and wanes over the course of the day. Associated symptoms include sleep-wake and psychomotor and emotional disturbances. The onset of postoperative delirium is commonly between postoperative days 1 through 3. It may be sustained for more than a week, and is associated with other medical complications.^[@ref5],[@ref6]^

The reported frequency of delirium after CABG has varied. In older studies, it was reported to occur in as many as 10% to 28% of patients, but more recent studies suggest that the Incidence may be lower.^[@ref1],[@ref4],[@ref7]^ Postoperative delirium has also been extensively studied in medical patients undergoing noncardiac surgery in one of the few prospective studies, Marcantonlo and colleagues^[@ref8]^ found that postoperative delirium occurred In 117 (9%) of 1341 patients undergoing noncardiac surgery.

Most cases of postoperative delirium do not have an Identifiable etiology, although a range of suspects has been Investigated. Studies aimed at identifying the risk factors for postoperative delirium have found that increased age, type of surgery, alcohol abuse, certain medications, infection, and pain Increase the likelihood of delirium. Preoperative hypotension and postoperative hypoxia and use of anticholinergic drugs have also been associated with Increased risk of delirium.^[@ref6]^ Unfortunately, many of the risk factors associated with delirium are not easily modifiable.

Neuropsychological functioning
==============================

Once an anecdotal phenomenon, postoperative cognitive dysfunction (POCD) is now the focus of sophisticated epidemiologic Investigation. Prolongation of hospital stay, Inability to participate in rehabilitation, and new or Increased disability may result from POCD.^[@ref9]^ Adverse cerebral effects following surgery and anesthesia have been reported since the 1950s. Cognitive dysfunction, ranging from transient decline in attention and concentration, memory, and/or speed of mental processing to frank dementia, is a possible complication following cardiopulmonary bypass.

While a number of studies over the past two decades have shown that patients experience cognitive changes such as memory loss, poor concentration, and problem-solving difficulties after cardiac surgery,^[@ref1],[@ref10],[@ref11]^ the focus was mainly on short-term cognitive changes, evaluated days or weeks after the surgery. Recent long-term studies offer more conclusive evidence that long-term cognitive decline after CABG can be significant in some patients.^[@ref12]-[@ref15]^ These studles will be reviewed in detail in the following sections.

Short-term POCD
===============

The most common complaint in the first few weeks following CABG relates to memory. The recognition of such cognitive changes by patients, families, and physicians led to a series of studies in which different areas of cognitive performance were tested before and at varying times after CABG. Rates of POCD vary considerably in these reports, from 33% to as much as 83%.^[@ref1]^ van Dijk et al^[@ref16]^ conducted a systematic review of studies of neurocognitlve dysfunction following CABG. Using pooled data from all studies, the authors reported that 22.5% (95% confidence interval, 18.7% to 26.4%) of patients had presented with a cognitive deficit 2 months after the operation. The cognitive domain with the highest frequency of decline In most studies was memory.

Some of the discrepancies in estimating the rate of impairment are due to the use of different assessment tools and the assessment of diverse study populations.^[@ref2]^ More importantly, most studies of outcomes after CABG are limited by lack of appropriate control groups.^[@ref17]^ Thus, although cognitive changes are well documented, deciding whether they are specifically related to the procedure itself, or whether other surgical procedures would produce similar postoperative cognitive changes, has been difficult.

In 1995, Willlams-Russo and colleagues^[@ref18]^ presented the first adequately powered, prospective, randomized study of POCD in noncardiac patients that employed standard neuropsychological Instruments. This study compared the effect of epidural versus general anesthesia on the incidence of POCD in patients undergoing elective unilateral total knee replacement. Neurocognltive assessment was performed 1 to 7 days preoperatlvely (n=262), and 1 week and 6 months (n=231) postoperatively. Overall, 5% of patients exhibited a decline in cognitive function 6 months following surgery, but no statistically significant differences were found between the anesthesia groups. In the largest prospective study of cognitive function following noncardiac surgery thus far (the International Study of POCD- IPOCD) thirteen hospitals in eight European countries and the USA recruited 1218 patients.^[@ref19]^ One hundred and seventy-six age-matched volunteers from the UK were recruited as controls. To ensure that controls were representative of all nationalities, 145 national controls were also recruited. The study evaluated changes in both patients and controls in memory, executive functions, and processing speed. Cognitive dysfunction was reported In about 25.8% of patients 1 week after surgery and in about 10% of patients 3 months after surgery - compared with 3.4% and 2.8% of controls after 1 week and 3 months, respectively. These findings suggest that some of the short-term cognitive changes after CABG may not be specific to this procedure, but may also accompany other surgical procedures.

Long-term POCD
==============

Longer-term complaints of CABG patients are often more subtle. For instance, the patient may have difficulty in following directions, playing chess, or making calculations. Such changes are sometimes described nonspeclfically as "I\'m just not quite the same."^[@ref1]^ It should be noted, however, that due to difficulties in following up patients, there are only a few studies that extended the follow-up period to 1 year and beyond. We will therefore review these studies in detail.

Newman and colleagues^[@ref12]^ initially evaluated 261 patients, 172 of whom were still available at the 5-year follow-up. This study evaluated changes in four cognitive domains: verbal memory, visual memory, attention and psychomotor speed, and abstraction. The authors reported that 53% of patients showed a cognitive decline to below their baseline at discharge, but showed some recovery during the next two testing periods (36% and 24% of patients showed cognitive decline at 6 weeks and 6 months, respectively). At 5 years, long-term decline was apparent in 42% of patients. Postoperative cognitive deficits at discharge were a significant predictor of long-term cognitive decline, even when the effects of age, educational level, and baseline score were controlled for. This study had several strengths, including a large sample size, a diverse test battery, neurocognltive assessment prior to surgery, and a long follow-up period. There were also potential limitations, especially the lack of a control group with which to compare changes over time, and potential practice effects.

Selnes and colleagues^[@ref14]^ followed 102 CABG patients over a 5-year period. Their battery of tests assessed eight cognitive domains: attention, language, verbal memory, visual memory, vlsuoconstruction, executive function, psychomotor speed, and motor speed. The researchers found that cognitive function improved in all of the domains, except for vlsuoconstruction during the baseline to 1-year period. This was followed by a statistically significant decline in mean scores for six of the eight domains during the 1- to 5-year time period. In determining the final baseline-to-5-year change, the group found that the combined initial Increase and the later decline in cognitive function resulted in no significant change between baseline and 5 years in most of the domains except visuoconstructlon and psychomotor speed, which both showed significant declines.

Although few differences between baseline and 5 years postsurgery were observed, the results suggested a trend of late decline similar to that found in the Newman et al study.^[@ref13]^ None of the covarlates measured, Including age, sex, race, medical history, and operative and postoperative variables, was found to be statistically significant across many cognitive domains.

Although this study had a large sample size and a comprehensive assessment of different cognitive functions, it also lacked a control group. In a later study, Selnes and colleagues^[@ref20]^ used a group of nonsurgical coronary artery disease patients as a control, with a 1-year follow-up. Interestingly, the study found no significant cognitive test differences between the CABG group and control subjects at 3 months and 1 year, indicating that perhaps certain levels of cognitive change are equally prevalent among all groups with risks for coronary artery disease, and that surgical procedures might not have any effect on cognitive decline.

In a follow-up study of the ISPOCD, 336 patients from the original cohort were re-examined 1 to 2 years postoperatively. Forty-seven nonhospitalized volunteers from the control group were tested at the same Intervals. The authors^[@ref15]^ reported that 1 to 2 years after surgery, 35 out of 336 patients (10.4%) had cognitive dysfunction. Of the 47 normal controls, (10.6%) fulfilled the criteria for cognitive dysfunction 1 to 2 years after Initial testing, ie, a similar Incidence of age-related cognitive impairment as among patients. Three patients (0.9%) had POCD at all three postoperative test sessions. Age, early POCD, and Infection within the first 3 postoperative months appeared to be significant risk factors for long-term cognitive dysfunction.

Genetic factofs in POCD
=======================

Tardiff and colleagues^[@ref21]^ examined the role of the apolipoproteln E4 allele *(ApoE4),* a known genetic marker for Alzheimer\'s disease, in the development of POCD. This allele of the ApoE4 variant was associated with a decline in cognitive function at hospital discharge and at 6 weeks after surgery in four of nine cognitive measures. The authors argued that some Individuals have a decline in cognitive function owing to genetically determined factors. In contrast, Steed et al,^[@ref22]^ using a larger sample of patients, found no association between the presence of the *ApoE4* allele and cognitive decline after POCD. Further studies are required to confirm this hypothesis.

Anesthesia, surgical procedures, and POCD
=========================================

Many authors have hypothesized that the changes in cognition may be due to anesthesia or surgical methods, especially, off- or on-pump procedure. There is currently no evidence that the type of anesthesia affects POCD outcome: In a study in 438 elderly patients aimed at evaluating the effects of anesthesia on cognitive dysfunction following surgery, no significant difference was found in the incidence of cognitive dysfunction 3 months after either general or regional anesthesia in elderly patients.^[@ref23]^ Van Dijk and colleagues^[@ref2]^ compared cognitive outcomes after off-pump and on-pump CABG over a 12-month period. The rates of cognitive decline were similar in the two groups at 3 months: 21% of the off-pump patients and 29% of the on-pump patients. Rates of cognitive decline were similar at the the 12-month follow-up as well, suggesting that surgical Insult from on-pump surgery Is not the only contributing factor to cognitive deficiencies after CABG.

Explaining discrepancies between studies of long-term POCD
==========================================================

The extent to which postoperative cognitive dysfunction is detected will depend on measurement techniques, timing of the assessment, and statistical methods, as well as on the characteristics of the patients selected for studies. One issue concerns the selection of neuropsychological tests.^[@ref1]^ Because the cognitive changes may arise from more than one etiological mechanism, a procedure that assesses all major cognitive domains is recommended. If the test battery does not Include assessment of, for example, frontal-lobe functions such as planning and abstraction, or parietal-lobe functions such as spatial and constructional abilities, abnormalities in these areas will be overlooked. Because of the limited time available for neurobehavioral testing preoperatively, few studies have included tests that cover all major cognitive domains. Second, criteria for what constitutes a cognitive Impairment have also varied between studies. Another Issue, relatively unexplored until now, is preoperative baseline performance.^[@ref1],[@ref17]^ There is substantial variability in neuropsychological performance at baseline, with some patients performing at expected age-adjusted and education-adjusted levels and others performing significantly below expected levels. Some of the POCD cases are Interpreted as pre-existing dementia exacerbated by (or even detected for the first time after) anesthesia and surgery. A decline secondary to CABG in patients who are already impaired at baseline may be underestimated. European patient populations undergoing CABG are likely to be younger than their American counterparts and have fewer comorbld health problems.^[@ref17]^ Also, as Selnes and McKhann^[@ref24]^ Indicate, only a few of the shortterm or long-term follow-up studies included a control group, and even fewer Included control groups with similar cardiovascular characteristics, making It difficult to determine whether the late cognitive decline is a consequence of the surgical procedure, worsening cerebrovascular disease, other age-related conditions, or simple practice effects common on repeated administration of the same cognitive tests.

Depression
==========

High rates of depression are observed in patients with hypertension, diabetes, and coronary artery disease and depression often develops after stroke.^[@ref25]^ This led to the hypothesis that among older persons with major depression, there is a subgroup of Individuals with what has been termed "vascular depression."^[@ref26]^

There is evidence to suggest that cerebrovascular disease, especially Ischemic small-vessel disease, may be a factor in the pathogenesis of late-onset geriatric major depression. Several studies reported frequent occurrence of white-matter hyperintensitles in late-onset depression.^[@ref27],[@ref28]^ Fujikawa et al^[@ref29]^ described the finding of "silent stroke" in

There is evidence to suggest that cerebrovascular disease, especially Ischemic small-vessel disease, may be a factor in the pathogenesis of late-onset geriatric major depression. Several studies reported frequent occurrence of white-matter hyperintensitles in late-onset depression.^[@ref27],[@ref28]^ Fujikawa et al^[@ref29]^ described the finding of "silent stroke" in 94% of patients with late-onset major depression, notably, in the absence of family history or psychosocial stressors. The hyperintensitles occur mainly in subcortical structures and their frontal projections.^[@ref30],[@ref31]^

Patients with "vascular depression" also exhibit cognitive Impairments: Executive functions are most severely impaired in such patients.^[@ref31],[@ref32]^ The relationship between depression, cardiovascular disease, and cognitive impairments have led to the hypothesis that depression may be a causal factor In the development of POCD.^[@ref1]^

Depression is commonly reported after most cardiac surgery procedures, with a frequency of up to 25%.^[@ref1]^ Most of the reports, however, do not take Into account the preoperative mood of the patient. Recent studies^[@ref13],[@ref32]^ Indicate that newly acquired depression after surgery is uncommon, and that preoperative mood is the best predictor of postoperative depression. It is worth noting that, whereas executive functions are severely impaired in patients with this form of depression,^[@ref33],[@ref34]^ a recent study suggested relative sparing of memory functions.^[@ref34]^ As Indicated above, memory impairments are a dominant observation in POCD patients. Studies indicate that depression is also not predictive of the presence of POCD.^[@ref13]^

Summary and conclusions
=======================

This paper has reviewed the evidence for adverse neurological, psychiatric, and neuropsychological outcomes in surgical patients. Adverse neuropsychaitrlc and neurological outcomes are common, and are not limited to cardiovascular procedures. Of the adverse outcomes, the etiology of POCD remains largely unknown. Several demographic characteristics, as well as clinical conditions such as cerebrovascular disease, genetic susceptibility, and anesthetic technique, have all been associated with POCD. However, no clear etiological model has been defined. POCD may likely be of multifactorial etiology, with many factors contributing small effects to the added risk. Future studies will hopefully shed light on these factors and their Interactions.
